The mechanism of seismic wave generation by the weight-dropping method was investigated experimentally as well as theoretically with an object to improve the source apparatus used for high-resolution shallow surveys. Through a series of field experiments, we have studied factors which influence the characteristics of the generated seismic waves. We have drawn conclusions on the following subjects: (1) the dependence of the amplitude of seismic waves on the momentum of weight; (2) the dependence of the relative energy efficiency on the weight mass and the impact velocity; (3) the optimum selection of the mass of coupler (embedding body at the impact point) for a given weight mass in order to increase the amplitude of seismic waves. We propose simplified dynamic models for the weight-dropping source, and discuss their features briefly by comparing the observed waveforms with the synthesized ones.
Introduction
In the shallow seismic reflection method, which is rapidly replacing the refraction method because of its higher resolution, generation of high frequency waves with large amplitude and higher mobility of source devices with frequent horizontal shifting are prerequisite from a practical point of view. Besides, in order to improve the resolution of common-depth-point (CDP) stacked profiles, the precise waveform repeatability and the minimum-phase property of source wavelet are highly desirable.
There are many types of land seismic sources for CDP-spread measurements. A chemical explosive source produces a short, i.e., broadband, pulse with high seismic efficiency and good energy coupling. However, it cannot always be used because of its unfavorable features such as drilling cost for shot holes and environmental problems in urbanized areas. Non-explosive sources thus have increasingly come into use as an alternative to explosive ones, e.g., the VIBROSEIS (Trademark of CONOCO Inc.), the land air-gun, the MINI-SOSIE (Trademark of SNEAP Inc.), the weight dropping, etc.
The vibrator in VIBROSEIS is capable of producing a controlled sweep of vibration with broadband frequencies and precise waveform repeatability. However, the cost of survey is high due to its sophisticated field equipment. The land air-gun, which is essentially the same as a marine version, generates a pulse of large amplitude and broad bandwidth. However, a special vehicle with a large water container is necessary. A small impactor for tamping unconsolidated soil in construction has been utilized for shallow land survey in the SOSIE method. Although this type of source generates high-frequency seismic waves, the penetration of energy is very low in comparison with other land-sources. Weight dropping was the earliest non-explosive source to get wide acceptance. However, the use of this source is now largely restricted to desert areas where large field equipment can move around relatively freely. Besides, this source has most of its seismic energy in low frequency and produces a large amount of coherent surface-wave noise. In spite of these shortcomings, the mechanism of the generation of seismic waves by weight dropping is very simple in comparison with those of other land-sources. Therefore, it will be easy to devise a source apparatus and to reduce its inherent disadvantages, provided the characteristics of the source wavelet are revealed.
In seismic exploration, it is important to describe a source in terms of mechanical models. There are many studies on characteristics of explosive sources (e.g., Ziolkowski and Lerwill, 1979) and on the stress-waves or the shock-waves generated by them (e.g., Sharpe, 1942; Blake, 1952) . Likewise, the dependence of the seismic amplitude and predominant frequency of an air-gun upon its size of chamber, and its radiation pattern were investigated in detail (e.g., Safar, 1976) . As for the vibrator, many studies of the modeling of the source have been presented (e.g., Baeten et al., 1988) . In contrast to those studies, although the weight dropping has been used regularly, only a few investigators have dealt with the mechanism of generation of seismic waves by this type of source and only three models have been proposed: Mereu et al. (1963) treated the weight-coupler system as a collision problem of material particles; second, Kasahara (1953) applied a mass-spring-dashpot model of one degree of freedom to a weight-dropping source; and third, Mooney (1974) extended the Lamb's problem and calculated the wavefield for the assumed impact forces which were represented by a distinctive length and amplitude of compressive pulse. In these studies, however, it was difficult to synthesize the source wavelet adequately, since the parameters of the medium such as the restitution coefficient (used in Mereu et al., 1963) or the damping constant (used in Kasahara, 1953) , which could not be treated explicitly and physically, were hard to be determined.
In view of the situation, we have made a series of experiments about the weight-dropping source and investigated factors which influence the characteristics of the generated seismic waves. In these experiments, the weight mass, the impact velocity, the mass of the coupler (cylindrical plate placed on the impact point), the radius of the coupler, and the material of the coupler were chosen as the source parameters. In chapter 2, the experimental procedure is described. In chapters 3 and 4, the effects of the weight mass and the coupler are analyzed, respectively. In chapter 5, the results of the experiments are discussed and some dynamic models for a weight-dropping source are presented. In the last chapter, the relation between the source signature characteristics and the source parameters will be given. attached directly to the coupler. In the following chapters, we use mainly the records observed by the borehole-geophone at 1 m apart from the impact point horiiontally and in a depth of 2 m. Records obtained by this geophone were stable and consistent in signature throughout the experiments. 2.1.4 Recorder We used a recording system devised using a micro-computer (NEC 9801F) for the purpose of shallow reflection prospecting (Tsutsui et al., 1986) . In the present series of experiments, the sampling interval and the recording length were set at 0.5ms and 2 s, respectively. Data can be stacked in order to improve the S/N ratio. We stacked up to seven times in this series. The parameter q was changed as given in Section 2.1. 2.2.5 Experiments for the variation of seismic waveform Besides the source parameters, we assume the following four factors may influence the generated seismic waveform:
A. Change of the contact of the coupler with soil. 2. Fluctuation of seismic waveform under the same source condition, i.e., m=20 kg, v=4.85 m/s, M=40 kg, R=0.260 m, q: steel. Solid circles and horizontal bars denote the means of the velocity amplitude and their standard deviations, respectively, for the first, second, and third peak or trough.
B. Change of the conditions of soil (e.g., moisture content). C. Non-linear deformations of the earth surface caused by the repetition of weight dropping. D. Error in the measurement of the source parameters. In order to evaluate the above effects on the seismic waveform, we dropped the weight under a fixed source condition (m=20 kg, v=4.85 m/s, M=40 kg, R=0.260 m, and q: steel) 18 times in total in various stages of the above series of experiments. The average value of the velocity amplitude and its standard deviation (95%) for the series of weight dropping are given by solid circles and horizontal bars in Fig.2 , respectively. They were calculated for the first, second, and third peaks or trough of the seismic waveforms. These data are useful in examining the confidence levels with respect to the variation of seismic waveform caused by varying the source parameters except the above four factors A through D.
Effects of Weight Mass and Impact Velocity on Seismic Waveform
In this chapter, we will investigate the effects of two of the source parameters, i.e., the weight mass (m) and the impact velocity (v), on the following four features of generated waves:
(1) Similarity of seismic waveform; (2) Rebound; (3) Velocity amplitude and seismic efficiency; and (4) Amplitude spectrum. In order to discuss the similarity of seismic waveforms quantitatively, we define the normalized cross-correlation rij by
( 1) where aij(t) is the recorded trace in the case when i-th weight was dropped from j-th height. The ranges of weight mass (m) and drop-height (H) were given in Section 2.1. The time-function b(t) and tmax denote the reference trace and the lag time which maximizes rij, respectively. Figure 4 shows the distributions of rij displayed on (m, v) plane with • contours. The reference trace for the calculation of normalized cross-correlation is that obtained with m=50 kg and v=5.94 m/s. In these contour representations, we interpolated rij by B-spline function. If the seismic waveform is independent of the source parameters, the cross-correlations should be uniform on the (m, v) plane. The present result shows contours of rij running along the hyperbolas corresponding to constant momentums of dropped weight before the impact, Cb(=mv). This is supported by the result of Fig.5 showing that rij can be represented by a linear function of Cb. The correlation coefficient between rij and Cb is 0.96. This result indicates that the primary factor of the impact mechanism may be controlled by the momentum of dropped weight within the limit of this experiment. . Relation between the normalized cross-correlation of waveform with the reference one and the momentum of weight just before impact (Cb) . These crosscorrelations represent the similarity factors of seismic waveforms.
Rebound
We shall consider how the rebound of the weight depends on the source parameters m and v. A representative example of waveforms obtained by a piezoelectric sensor which is attached to the coupler is shown in Fig. 6 . In this figure, `D' denotes the wave Vol.38, No.3, 1990 Ca=k1Cb,
where k1 is a constant. The correlation coefficient between Ca and Cb is 0.95. We apply the law of conservation of momentum to the impact problem of the dropped-weight-coupler system. If the coupler is assumed to be motionless in the medium before impact, we can easily derive the following relation,
where Cc is the momentum which the source area acquires through impact. By combining Eqs. (3) and (4),
where k2=1+k1. This result implies that the momentum of source area supplied by impact of weight is proportional to that of dropped weight before the impact.
3.3 Velocity amplitude and seismic efficiency As a representative value of the velocity amplitude of the generated seismic wave, we use the amplitude of second peak, because this value is stable in the signature. Figure  8 (a) and (b) show the dependence of the velocity amplitude (Vmax) upon weight mass (m) and impact velocity (v), respectively. It can be seen that Vmax depends upon both m and v, linearly. From this result, we can infer that an essential factor which controls velocity amplitude is the momentum of the dropped weight before the impact, Cb, i.e., the product of m and v. This is confirmed by Fig.9 showing that Vmax is approximately proportional to Cb: 
Amplitude spectrum
We shall discuss the fluctuation of amplitude spectra caused by the change of the weight mass and the impact velocity. Figure 12 (a) is a contour representation of amplitude spectra with a 3 dB interval in the frequency-weight-mass (f-m) domain for the impact velocity of 5.94 m/s. Figure 12 (b) shows a similar representation of amplitude spectra in the frequency-impact-velocity (f-v) domain for the weight masses of 50 kg. In these contour representations, we normalized the amplitude spectra by the momentum of dropped weight just before impact (Cb) and interpolated them by B-spline function. If the seismic waveforms are similar to each other regardless of source parameters and if these velocity amplitudes are directly proportional to Cb, then the normalized spectral amplitude distributions in the (f-m) and (f-v) domains are approximately uniform in the ordinate direction.
At first glance, the amplitude spectra do not seem to be affected by change of the weight mass or by the impact velocity. However, a closer examination shows that the low frequency components tend to be dominant over the high-frequency ones in the case that the weight mass is much smaller (say 10 to 20 kg) than the coupler mass (100 kg). As the impact velocity increases, the high-frequency components tend to be slightly dominant over the low-frequency ones. Summarizing these results, we can consider that the low-frequency components tend to predominate over the high- 
Effects of the Mass and Radius of Coupler on Seismic Waves
The most important reason for us to place a coupler on the impact point of weight is to suppress the conversion of the initial source energy into the energy of plastic deformation which results in nonlinear effects. Further, in regard to the control of the source characteristics, it is of principal importance to determine the optimum parameters of the coupler for an efficient excitation of seismic waves. In this chapter, we will change the parameters of the coupler [mass (M), radius (R), and material(q)] while fixing those of the weight (m, v) to investigate the effect of a coupler upon the generated seismic waves from two viewpoints, i.e., velocity amplitude and amplitude spectrum. Figure 13 shows the dependence of the velocity amplitude (Vmax) upon M in four cases. The source parameters of these cases were given in Section 2.2. The values plotted at M=0 are those obtained when we did not use any coupler and dropped each weight onto the naked soil. We obtained these data only for Cases A and D. From this figure, we can find that Vmax's have an overall tendency to decrease with the increase of M. Referring to the data for evaluation of errors shown in Fig.2 (M). The circles with a centered dot in Fig. 13 show the results when M is approximately equal to m. Further, comparing Vmax at M=0 with that at M=20 kg in Case A or that at M=40 kg in Case D, we can see that the effect of using a coupler is pronounced. However, when an unsuitable coupler is used, i.e., when M is much larger or smaller than m, the effect of the coupler is reduced.. We examine the relation between Vmax and the radius of coupler (R). Table 1 shows the dependence of Vmax upon R. The source parameters except R are fixed in the four cases given in Section 2.2. It can be seen that Vmax tends to decrease with the increase of R in Cases 1 and 2. In contrast to this, Vmax increases greatly in Case 3 when R is changed from 0.260 to 0.368 m, which is supposed to be caused by a permanent flection of the coupler itself. If M is much smaller than m, the thickness of the cylindrical steel coupler is very small in comparison with the radius of the dropped weight. Therefore, the coupler cannot behave as a rigid body and the seismic signals cannot be consistent since they are affected by the coupler's permanent deformation even if the source 
Velocity amplitude

Amplitude spectrum
In order to distinguish the fluctuation of the amplitude spectrum caused by changing source parameters of a coupler, we calculate spectral ratios for various cases to a reference instead of individual raw spectra. Figure 14 (a) and (b) show the variation of spectral ratio with the change in M for the Cases A and D, respectively. Since it was found that Vmax is greatly increased when M approximately equals m, we chose the amplitude spectrum obtained under such a source condition as the reference. These reference spectra are shown in the lower panels of Fig.14 . The source parameters except M are the same as those for the Cases A and D given in Section 2.2, respectively. In regard to the shapes of the spectral ratio, we could find no significant tendency with the change of M, but noted a slight difference of the spectra between the cases for M>m and M<m in Case D: larger low-frequency components in the range of 10 to 25 Hz for M<m. It is probable that the condition m=M is a border between the linear and nonlinear behaviors of a weight-dropping source. The effect of M on the spectral ratio may be summarized as follows:
(1) In the case that m is larger than M, some couplers do not behave as rigid bodies due to the nonlinear behavior (e.g., the flection). It is possible that some couplers cannot prevent the soil around the source area from being permanently deformed when M<m.
(2) In the case that m is larger than M, the dropped mass cannot rebound but Vol.38, No.3, 1990 (a) (b) keeps on contacting with the coupler. In other words, the physical condition on collision of the dropped weight with the coupler may be essentially different between the cases M>m and M<m.
As for the effect of other source parameters (i.e., R, radius of coupler; q, material of coupler), first, no pronounced variation of the character of the amplitude spectrum with the change of the radius of the coupler could be detected. Second, in regard to the effect of the elastic property of a coupler, the lower-frequency components seem to increase appreciably only in the case when hard rubber was used.
Dynamic model for weight-dropping source
From the experimental results presented in the foregoing chapters, it seems that a critical condition between elastic and inelastic phenomena is realized when the coupler mass, M, is approximately equivalent to the weight mass, m. The seismic amplitude becomes maximum when m_??_M and a slight difference in predominant frequency can be detected between the cases M>m and M<m with the parameters of weight being fixed.
On the experimental results in the case of M<m, we can infer that great loss of seismic energy should occur in the region of soil below the coupler which cannot behave as a rigid body any more. In such a case, in order to construct a model of weight-dropping source, we must accumulate more data to derive the empirical laws which describe the 
where e, v, and C are the restitution coefficient, the velocity of the dropped weight, and the coupling constant, respectively. And C is expressed as C=kMP, 
where ƒ¢t and g are the duration of rebound shown in Fig.  6 Vol.38, No.3, 1990 to explain the mechanism of the source by a simple mass-spring-dashpot model of one degree of freedom. The velocity amplitude of an oscillating coupler, u(t), was calculated by solving the response equation as follows: (14) where (15) ( 16) and (17) v, E, and q are the velocity of dropped weight, spring, and damping constants between the coupler and soil, respectively. In this study, the response characteristics of a coupler-soil system were constructed by two visco-elastic elements, i.e., a dashpot and a spring. However, there are some difficulties in estimating these parameters, since we cannot treat the elastic property of the coupler and that of soil separately. Furthermore, the problem becomes more complex if we take the effective mass of soil which is concerned with the vibration of a coupler into consideration. Mooney (1974) applied the Lamb's problem to the modeling of weight dropping and synthesized the wavefield generated by an arbitrary force function. In this model, the seismic wave which is produced by an impact of weight mass on the semi-infinite elastic solid can be evaluated. However, in the case when a coupler is settled on the impact point, the seismic wave cannot be calculated similarly because we have to consider the coupling factor between the coupler and soil.
Simplified dynamic model
The primary aim of our study in this section is to make a proposal for modeling the weight-dropping source. Under various approximations, the successive effects that are involved in the source wavelet within a fixed time gate can be envisaged by means of the convolutional equation -(source wavelet)=(compressive-force function)*(coupling factor between coupler and soil)*(absorption)*(instruments), which we write mathematically as
where * denotes convolution. In this model, i(t) can be obtained by the electric impulse response of the total recording system. However, there are difficulties in estimating the factor of absorption, a(t). Though the primary factor which affects the absorption of source wavelet is supposed to be the plastic region created in the impact point, we cannot determine the size of such region and the effective contact area of the coupler with the surface of soil. Therefore, for simplicity, we confine our discussion to only the elastic behavior by dropping a(t) from this model. Thus the source wavelet is defined as w(t)=f(t)*c(t)*i(t). Fig.16 . Vol.38, No.3, 1990 the increase of M. On the other hand, in Case 3, Vmax's tend to increase slightly.
Comparing these results with the experimental ones shown in Fig.13 
Conclusions
In order to investigate the factors that influence the characteristics of seismic waveform by dropped-weight-coupler system, we have made some field experiments and derived a method to synthesize the velocity response of the coupler. The following conclusions are drawn:
(1) In the case when a weight bounces on a coupler, the momentum of the weight after impact is directly proportional to that before impact. Accordingly, the momentum which the source area acquires through impact depends linearly upon that of the dropped weight before impact because the law of conservation of momentum holds.
(2) In the case when the parameters of the coupler are fixed, the velocity amplitude of a seismic wave is directly proportional to the momentum that the source area acquires from the dropped weight. This scaling law explains the experimental result that the seismic efficiency does not vary with varied impact velocities but can be improved with the increase of weight mass while the potential energy of the source is kept constant.
(3) In the case when the parameters of the weight are fixed, the velocity amplitude of a seismic wave can be greatly increased as the weight mass, m, approaches that of the coupler, M, and, for larger M than m, it tends to decrease with the increase of M.
(4) In regard to the shapes of seismic spectrum, we found some differences among cases depending on whether M>m or M<m. The low-frequency components seem to be slightly dominant over the higher-frequency ones when the momentum of dropped weight is small. The change of the amplitude spectrum with source parameters is consistent with the result that the maximum values of the normalized cross-correlations (rij) between seismic traces can be represented by a positive linear function of the momentum of dropped weight in the case of M>m.
(5) We reviewed some studies of the modeling of weight-dropping source and proposed a simplified dynamic model which is composed of a compressive force, coupling factor, and response of instruments. The synthetics by this model are not always in good agreement with the observed waveforms with respect to the amplitude and the frequency characteristics. In view of these disagreements, we infer that not only the magnitude of compressive force but also its duration is controlled by parameters of the source, and that the coupling factor between the coupler and soil is influenced by inelasticity which can arise depending on the strength of the force. It will be necessary to solve these difficult problems in order to construct a more realistic model for weight-dropping source.
